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1 | INTRODUCTION

Abstract

Microplastics (MPs) represent a worldwide emerging relevant concern toward human
and environmental health due to their intentional or unintentional release. Human
exposure to MPs by inhalation is predicted to be among the most hazardous. MPs
include both engineered, or primary MPs, and secondary MPs, materials obtained by
fragmentation from any plastic good. The major part of the environmental MPs is
constituted by the second ones that are irregular in size, shape and composition.
These features make the study of the biological impact of heterogenous MPs of
extremely high relevance to better estimate the real toxicological hazards of these
materials on human and environmental organisms. The smallest fractions of plastic
granules, relying on the micron-sized scale, can be considered as the most abundant
component of the environmental MPs, and for this reason, they are typically used to
perform toxicity tests using in vitro systems representative of an inhalation exposure
scenario. In the present work, MPs obtained from industrial treatment of waste plas-
tics (WMPs < 50 um) were investigated, and after the physico-chemical characteriza-
tion, the cytotoxic, inflammatory and genotoxic responses, as well as the modality of
WMPs interactions with alveolar lung cells, were determined. Obtained results indi-
cated that, at high concentrations (100 pg/ml) and prolonged exposure time (48 h),
WMPs affect biological responses by inducing inflammation and genotoxicity, as a

result of the cell-wMP interactions, also including the uptake of the smaller particles.
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Thomposon, 2015). Most of the plastic becomes waste after disposal

and large plastics can slowly biodegrade or break down into small par-

Microplastics (MPs) represent a worldwide emerging relevant concern ticles in the environment after weathering and ultraviolet

toward human and environmental health due to their intentional or (UV) radiation. Due to their high durability, contamination from MPs

unintentional release (Campanale et

al, 2020; Shim & will persist in the environment for several years (Worm et al., 2017),
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leading to an increased environmental and human exposure to such
materials (Andrady, 2011a; Prata, 2018; Shim & Thomposon, 2015).

MPs are commonly defined as particles of plastics having dimen-
sions below 5 mm (Fendall & Sewell, 2009; Moore, 2008) that could
be divided in large microplastic (2-5 mm) and small microplastic parti-
cles (0.2-2 mm) (Collignon et al., 2014). Nanoplastics are defined as
below 1,000 nm, while other authors set the size limit at 100 nm
(Gigault et al., 2018). Depending on their origin, MPs are classified as
engineered or primary MPs (such as microbeads in toothpaste or cos-
metics) and secondary MPs, materials obtained by fragmentation from
any plastic goods. The major part of the environmental MPs is consti-
tuted by the second ones, and their spread is almost impossible to
control. Due to their nature, secondary MPs are irregular in size, shape
and composition, and these characteristics make the study of the bio-
logical impact of heterogenous MPs of extremely high relevance to
better estimate the real toxicological hazards deriving from human
and environmental organisms exposure.

Most of the current research is focused on the environmental
effects of MPs, especially in the water compartment. Few data are
nowadays available about the effects of these materials on human
health. Some studies are focused on ingested microplastics and
nanoplastics that could contaminate food and water (Barboza
et al, 2018; EFSA Panel on Contaminants in the Food Chain,
CONTAM, 2016; Schymanski et al., 2018). Nevertheless, the inhala-
tion of airborne particles remains one of the major routes of expo-
sure to microplastics and nanoparticles, including the polymeric
ones. One of the main difficulties in assessing the potential effects
of inhalable microplastic on human health in real exposure scenarios
is the sampling site, the method of collection and the season of
sampling (Prata, 2018; Prata et al., 2020). Inhalation can occur from
the release of plastic from materials (abrasion) or during their
synthesis.

A large contribution to plastic pollution derives from the produc-
tion of plastic textile fibres and the consequent release of fibrous MPs
in the environment (Dris et al., 2017). Secondary MPs can be also
derived from sea-salt aerosol formation: Many of the MPs found in
the aquatic compartment have a density lower than seawater; thus,
they may be transported as sea-salt aerosols through sea-spray and
wind action to urban environments located near to the coast
(Wright & Kelly, 2017).

Last but not least, most of the plastic materials end up in landfills
since they are usually unrecyclable. Nevertheless, there are efforts in
reusing and recycling MPs in order to apply a sustainable approach
(European Commission, 2018). In this perspective, waste from plastics
otherwise sent to incinerators could be used as an alternative fuel for
cement industry (Asamany et al., 2017) or as an additive in the pro-
duction of conglomerates for the surface treatment of urban and rural
roads (Capuano et al., 2020; EAPA, 2017; Grady, 2021). Obviously,
since roads' abrasion can occur (Amato et al., 2012; Sommer
et al., 2018), the use of waste plastics as road component has posed a
great concern about the possible release of these materials in the
atmosphere and consequent human exposure. Plastic-waste manage-

ment procedures could be associated with occupational and
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environmental risks, especially when they are subjected to shredding
and grinding.

Most of the researches on the microplastics health effects are
nowadays focused on synthetic and standard commercial MPs, includ-
ing PS (polystyrene), PE (polyethylene) and PP (polypropylene) plastic,
but waste plastics, used in thermovalorization plants or for recycling
processes, are actually composed of different variety of plastics. Fur-
thermore, it is important to mention that, besides compounds related
to plastic composition, MPs may also adsorb and release environmen-
tal contaminants due to their large surface area and hydrophobicity
(Teuten et al., 2007; Wang et al., 2018).

Data on the effects of inhaled MPs on humans are scanty. Wright
and Kelly (2017) reviewed the evidence of the possible effects of MPs
in the respiratory system. Recently, studies support the idea of air-
borne contamination, by the identification of MPs in the atmospheric
fallout of a city (Dris et al., 2015, 2016).

Nevertheless, more efforts should be done in order to better
characterize MPs and their physical-chemical properties, as well as to
monitor their real environmental concentrations and to understand
the possible mechanisms of toxicity related to MPs exposure.

In this work, a widely used in vitro model of the human lung epi-
thelium, A549 cells, was used to evaluate the possible toxic effects on
inhalable plastic-waste derived MPs (WMPs). As biological endpoints,
cytotoxicity, inflammatory response, bio-interaction among cells and
WMPs and genotoxicity were investigated after the exposure to
micro-sized (<50 um) wMPs, which were previously characterized by
microscopic and spectroscopic techniques. The obtained results
highlighted the importance to improve the studies on the characteris-
tics and the biological modes of action of the highly heterogeneous

environmental MPs.

2 | MATERIAL AND METHODS

2.1 | Microplastics collection and characterization
The microparticles from plastic waste (WMP) were recovered in the
laboratory from industrially recycled plastic granules, as previously
reported (Bonfanti et al., 2021). As part of the ECOPAVE project, a
pilot value chain was set up by industrial partners to collect and reuse
non-recyclable plastic waste. In short, plastic waste of various origins
was collected separately in ecological platforms, manually separated
from any metal parts and transferred to a plastic recycling plant,
where they were further processed by washing treatments to remove
impurities and controlled flotation to obtain a fraction of polyolefin-
enriched plastics and finally properly ground to obtain a granulated
blend with dimensions less than 3 mm.

The obtained plastic granulates were transferred in laboratory
and mechanically sieved and grinded using stainless steel sieves with
decreasing mesh size (1 mm - 500 um - 250 pm - 150 pm - 100 pm
- 50 pm). The finest fraction achieved, corresponding to nominal MP
particle dimensions of <50 pm, was used for in vitro toxicity studies

after being characterized by Fluorescence and Scanning Electron
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Microscopy (FM and SEM, respectively) in term of morphology and by
Raman spectroscopy in order to analyse the wMPs chemical composi-
tion. If not otherwise specified, a suspension 1 mg/ml of wMPs was

prepared in sterile milliQ and used for all the experiments.

2.1.1 | Size distribution of wMPs
The size and particle size distribution of wMP fraction were determined
by the laser diffraction method (Malvern Mastersizer 3000) and through
optical microscopy analysis. For the Mastersizer analysis, samples were
dispersed in ethanol and in 0.1% w/v Triton X-100 and kept under con-
tinuous stirring (850 rpm) during the analysis. Each measurement was
performed in five replicates to ensure consistency of the results. The
model for data analysis assumes that the particles are not-spherical, while
refractive and absorption indexes were set to 1.5 and 0.010, respec-
tively. Laser obscuration was kept in the range between 10% and 20%.
The size distribution of wMPs conducted by optical microscopy
analysis was represented as distribution of min Feret Diameter
(Walton, 1948). MPs suspended in ethanol were dropped on a silicon
wafer and analysed with a Zeiss Axioplan microscope equipped with
an Axiocam MRc5 digital camera. Several images were acquired in
Bright Field. The images were then analysed using NanoDefine Parti-
cleSizer software (ImageJ Plugins), in order to automatically determine
the size distribution of the wMPs.

212 |
staining

Fluorescence microscopy and Nile Red

For the FM analysis, small amounts of wMPs (50 pl) at 1 mg/ml were
mounted onto glass slides and observed with a Zeiss Axioplan micro-
scope equipped with an Axiocam MRc5 digital camera. Furthermore,
in order to better visualize wMPs, particles were also stained with the
dye Nile Red (Merck KGaA, Darmstadt, Germany). Nile Red (NR) stock
solution was prepared at 1 g L™! in acetone (Merck KGaD) and vac-
uum filtered using pore size 0.1 pm Whatman® Anodisc inorganic fil-
ter membrane with a diameter of 25 mm. The staining was carried out
by adding 100 pl of NR stock to a solution of 5 ml methanol (Merck
KGaD) and 5 ml of milliQ water to give a final of 10 pg ml~* NR in the
suspension of wMPs. An exposure time of 30 min was used (Maes
et al., 2017). The suspension was then vacuum filtered (Whatman®
25 mm Anodisc inorganic filter membrane, pore size 0.1 um), rinsed
with 30 ml methanol and left to dry. The stained wMPs were then
analysed by fluorescent microscope (Zeiss, Axio Imager) under green
(filter 488009-9901-000, excitation/emission 460/525 nm) and red
(filter 89060-9901-000, excitation/emission 565/630 nm) light.

2.1.3 | SEM analyses

In order to analyse wMPs with Scanning Electron Microscopy (SEM), a

small aliquot of sample (50 pl) was deposited on SEM stub with

conductive carbon tape and let dry. Samples were then sputter coated
with 10 nm of chromium and observed with High-Resolution Field-
Emission SEM Zeiss Gemini 500 operating at 3 kV acceleration volt-
age in order to preserve plastic material and to get a good resolution

of particles surface.

2.2 | Raman spectroscopy of wMPs

wMPs were deposited on polished, clean silicon support without any
further treatment. Raman spectroscopic analysis of the particles was
performed using an alpha300 confocal Raman microscope (WITec,
Ulm, Germany) equipped with a 532 nm laser. Raman spectra were
collected using a 10X objective typically at 10 x 1 s integration time.
Identification of the spectra was done after baseline subtraction using
the ACDLabs UVVis manager and in some cases (polyethylene copoly-
mer) the open spectral database OpenSpecy (www.openspecy.org)
(Cowger et al., 2021). Spectra with no specific Raman features (only
wide fluorescent signal) were considered to be non-identified.

2.3 | Endotoxin quantification

Limulous amoebocyte lysate (LAL) test was performed on the wMPs
sample using a LAL Chromogenic Endotoxin Quantitation Kit (Thermo
Scientific™ Pierce™), following the manufacturer's instructions and
working with endotoxin-free materials and in sterile condition. Sam-
ples are mixed with the LAL reagent in a 96-well plate, and the absor-
bance of each sample was measured using a Multiplate Reader Ascent
(Thermo Scientific, USA) at the wavelength of 405-410 nm. The
amount of endotoxin present in the sample can be calculated using a

standard curve and express as EU/m.

24 | Cell culture maintenance and treatments

Human alveolar epithelial cells (A549 cell line, ATCC® CCL-185,
American Type Culture Collection, Manassas, VA, US) were cultivated
in OptiMEM medium (Gibco, Life Technologies, Monza, Italy) supple-
mented with 10% foetal bovine serum (FBS; Gibco) and antibiotics
(penicillin/streptomycin, 100 U/ml) (Euroclone, Pero, Italy) and main-
tained in incubator at 37°C and 5% CO.. For the evaluation of wMPs
in vitro effects, cells were treated with different concentrations of
wMPs (0.1, 1, 10 and 100 pg/ml) directly adding particles suspension

into the medium for different times of exposure (24 or 48 h).

2.5 | Cell viability

The cytotoxicity of wMPs on A549 cells was evaluated by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
test. Cells were seeded on a six-well multiwell at the density of
1.6 x 10 ° cell/well and after 24 h were treated with different
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concentrations of wMPs (0.1, 1, 10, 100 pg/ml), that were added in
the culture medium. In untreated cells (control), the volume of particle
suspension used for the highest concentration was substituted with
same amount of milliQ water added to the culture medium.

MTT (Sigma Aldrich, Milano, Italy) assay was performed accord-
ing to previous works (Bengalli et al, 2019; Mosmann, 1983).
Briefly, at the end of exposure (24 and 48 h), cells were rinsed with
phosphate buffered saline (PBS), and MTT solution was added to
the medium (final concentration 0.3 mg/ml) for 3 h. After the pro-
duction of formazan crystals, these were solubilized in Dimethyl
sulfoxide (DMSO, Sigma Aldrich), and the absorbance was measured
at 570 nm by a multi-plate reader (Infinite 200 Pro, TECAN, Manne-
dorf, Switzerland). The percentage of cell viability was calculated
according to the formula: (Absorbance treated sample/Absorbance

control sample)*100.

2.6 | Interleukin-8 and Interleukin-6 release

Cells were seeded on a six-well multiwell at the density of
1.6 x 10° cell/well and after 24 h were treated with different con-
centrations of wMPs (0.1, 1, 10, 100 pg/ml). The release of IL-8 and
IL-6 from A549 cells was evaluated in the supernatants that were
collected after 24 and 48 h of exposure, centrifuged at 1,200 rpm
for 6 min and then stored at —80°C until analysis. The quantifica-
tion of cytokines was performed through IL-8 and IL-6 ELISA
matched antibody pair kit (Invitrogen, Life Technologies, Monza,
Italy) according to the manufacturer's instruction. The absorbance of
each sample was measured by a multiplate reader (Infinite 200 Pro,
TECAN, Ménnedorf, Switzerland) at the wavelength of 450 nm, and
the amount of proteins was calculated based on standard curves,

and data were shown as pg/ml.

2.7 | Intracellular ROS detection by flow
cytometry

The Intracellular production of reactive oxygen species (ROS) was
detected using the probe 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA, final concentration 5 pM, Life Technologies, Monza, Italy).
A549 cells (1.6 x 10° cells/well) were seeded in six-well plates for
24 h and then loaded with 5 uM H,DCFDA in PBS 1X for 20 min at
37°C. Thereafter, cells were washed twice with PBS, incubated with
WMPs (0.1-100 pg/ml) for 24 h. Then, after washing with PBS twice,
cells were harvested and analysed by cytofluorimeter (CytoFLEX,
Beckman Coulter, Milano, ltaly) with excitation and emission settings
of 488 and 525 nm. The possible interference of wMPs was assessed
analysing the signal from samples (cells treated with wMPs at the dif-
ferent concentrations and washed as above) not stained with
H,DCFDA. These values were then subtracted from the values to
H,DCFDA stained samples.

AppliedToxicology—W1 LEy L2

2.8 | Cytokinesis-block micronucleus assay

The first day, A549 cells were seeded on a six-well plate at the density
of 1.2 x 10° cells/well; on the second day, cells were treated with
wMPs (100 pg/ml) for 48 h; Mitomycin C (MMC) (Sigma-Aldrich) was
used as a positive control at a final concentration of 0.7 uM. After
48 h of exposure, the medium was removed, and cells were gently
washed twice with pre-warmed PBS, and then, Cytochalasin B
(Sigma-Aldrich) was added to each well at a final concentration of
1.5 pg/ml, and cells were incubated for an additional 26 h. At the end
of incubation in the presence of Cytochalasin B, the medium was
removed and each well gently washed twice with pre-warmed PBS.
Cells were harvested with Trypsin-EDTA solution (Life Technologies)
and centrifuged for 5 min at room temperature (RT), at 1,000 rpm
(Eppendorf 5810R centrifuge, rotor A-4-62). After the removal of the
supernatant, a pre-fixing solution of ethanol: glacial acetic acid (6:1)
was added to the cells and incubated for 2 min at RT. Then, after cen-
trifugation, ice-cold ethanol was added to the cells and incubated for
1 h at —20°C. This procedure was repeated three times. The fixed
cells were then re-suspended gently with a glass Pasteur pipette and
dropped on cold microscope slides. The slides were let dry for at least
6 h and then stained with a solution of 2% Giemsa. Samples were then
processed and analysed according to the criteria of Fenech and OECD
guidelines (Fenech, 2007; OECD, 2016). Three biological replicates
for each sample were prepared for cytokinesis-block micronucleus
(CBMN) analysis with two technical replicates each. For each experi-
mental condition, the cytokinesis block proliferation index (CBPI) was
calculated using the following formula: ((N° mononucleated cells) +-
(2 x N° binucleated cells) + (3 x N° multinucleated cells))/(total num-
ber of cells). Furthermore, for each experimental condition the
number of micronuclei and nuclear buds in 1,000 binucleated cells

was evaluated.

2.9 | Morphological changes

For morphological analysis, cells were seeded on a cover slide at a
concentration of 1.5*10° cells/well, cultured for 24 h and then
exposed to wMPs (100 pg/ml, with and w/o Nile Red staining) for fur-
ther 24 or 48 h. At the end of the treatment, cells were washed twice
with PBS and then fixed in 4% paraformaldehyde for 20 min, washed
and permeabilized with 0.1% Triton-100X and then incubated with
rhodamin-phalloidine for 30 min (1:40 dilution, Cytoskeleton Inc.,
Denver, CO, USA) for the analyses of cytoskeleton organization. After
PBS washing, nuclei were counterstained with DAPI (dilution 1:350)
and after PBS washing slides were mounted with ProLong™ Gold
Antifade Mountant (Molecular Probe, Life Technologies, Monza, Italy),
dried o/n and then observed at the microscope (AxioObserver Z1 Cell
Imaging station, Zeiss, Germany). Images were acquired by an MRc5
digital camera and elaborated with the dedicated software (Zeiss ZEN
2.3 Blue edition).
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2.10 | pRaman analysis of cells

A549 cells were seeded on a 3 x 3 mm? silicon wafer 1.2 x 10° cells/
wafer in a 12-well plate. After 24 h, cells were treated with wMPs
(100 pg/ml). After 48 h of exposure, the medium was removed, and
cells were gently washed with pre-warmed PBS, and then, cells were
fixed with Karnovsky solution (2%). Raman spectroscopic analysis of
cells exposed to wMPs was performed in the fixative solution, using a
WITec alpha300 confocal Raman microscope equipped with a 532 nm
laser. Raman spectra were collected using a 60X water immersion
objective at 1 um lateral resolution, 5 pm depth in z-stacking and
applying 2 s integration time for each pixel. The intensity of the C-H
stretching vibration region was mapped for each of the hyperspectral
images to roughly identify the position of nucleus and cytoplasm.
Then, average nucleus, cytoplasm and background spectra were gen-
erated by averaging the spectra of more pixels. These average spectra
were used for base component analysis after cosmic ray removal and
baseline subtraction at each pixel of the spectral map. Intensity maps
of the components were coloured with blue for nuclei, green for cyto-

plasm and red for particle(s).

2.11 | Transmission electron microscopy analysis
of microplastics uptake

A549 cells were exposed to wMPs (100 pg/ml), prepared by dilution
of 1 mg/ml stock suspension incubated overnight in antibiotics solu-
tion (penicillin/streptomycin, 100 U/ml, Euroclone, Pero, ltaly), for
24 h and for 48 h. After exposure, cells were washed twice in PBS
and fixed in Karnovsky 2% fixative overnight at 4°C. Cells were then
washed three times with 0.05 M cacodilate pH 7.3 and post-fixed in
osmium tetroxide solution in 0.1 M cacodilate pH 7.3 for 1 h. After
three washes in cacodilate 0.05 M of 10 min each, cells were dehy-
drated in a graded series of ethanol solutions in MilliQ water (30%-
50%-75%-95% for 15 min each and 100% for 30 min), incubated in
absolute propylene oxide for 20 min (two changes of 10 min each)
and embedded in a solution of 1:1 epoxy resin and propylene oxide
for 90 min. This mixture was renewed with pure epoxy resin over
night at room temperature and later polymerized at 60°C for 48 h.
Ultrathin sections (50-70 nm) were obtained using Leica UCT ultrami-
crotome (Leica, Italy) and stained for 2 min with UranylLess EM stain
(Electron Microscopy Sciences, Hatfield, Pa, USA) and lead citrate
solution by Reynolds for other 2 min, washed and dried. Reagents
used to prepare solutions, if not specified, were supplied by Sigma
Aldrich, Italy. Sections were then collected on Formvar Carbon coated
200 mesh copper grids (Agar Scientific, USA) and imaged by JEOL

Dx (10) (pm)
31.047 £0.029
29.618 +0.161

Dx (50) (um)
WMPs < 50 (ethanol)
WMPs < 50 (Triton X-100)

Note: Data referred to average + SD of five replicates.

60.682 £ 0.236
59.595 + 0.640

JEM-2100 HR-transmission electron microscope at 120 kV (JEOL,
Italy).

212 | Statistical analysis

The data represent the mean + standard error of the mean (SE) of at
least three independent experiments. Statistical analyses were per-
formed using GraphPad 6.0v software, using unpaired t test or one-
way ANOVA and Bonferroni's post hoc analysis, if not elsewhere
specified in the figure captions. Values of p < 0.05 were considered
statistically significant.

3 | RESULTS

3.1 | Waste microplastics characterization

Results from Mastersizer analysis for volume size distribution, as
reported in Table 1, were obtained for MPs below 50 pm (WMPs<50),
where Dsg represents the median particle size, which means that 50%
of the particles shows a size (calculated from the volume distribution)
below the reported value. In addition, Dyg and Do mean that 90 and
10% of the particles' size were less than the corresponding values,
respectively. Data showed that the 50% of the particles have a mean
diameter below 60 pm and that less than 10% of particles have a size
below 30 pm.

Data for size distribution from optical microscope analysis show
that the 50% of particles have a diameter below 25 um (Figure S1).
Although some particles resulted larger than 50 pm, it is noticeable
that the most represented wMPs fall in the size range of 5-15 um, a
fraction relevant for inhalable particles.

FM images suggest that the wMPs have an irregular shape and
they are inherently fluorescent (especially in green and red channels).
In order to better analyse wMPs morphology and size distribution,
staining with Nile Red, which preferentially absorbs on the hydropho-
bic surface of plastics, was performed. Nile Red staining improves the
fluorescence of the particles (Figure S2), but in the samples, there are
some MP particles that are not stained by the dye (the black spot,
which are not fluorescent, Figure S2f). The size distribution analysis
from MPs stained with Nile Red shows that the size range of the par-
ticles is between 20 and 90 pm, with an average size of 41.2 pm
(Figure S3).

Particles were further characterized in terms of shape and dimen-
sion by Scanning Electron Microscope (SEM) analysis. SEM images

(Figure 1) confirmed that the particles have irregular shape, including

Dx (90) (um) TABLE 1 . Dlo', D§0 ar)d Dgg values for
the volume size distribution of the

141.659 £ 4.660 fractions WMP < 50 pm

127.334 £ 8.933
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FIGURE 1 SEM images of wMPs. wMPs morphology was analysed by SEM at low (A, B) and high magnification (C, D). Small dimension
WMPs are visible on the surface of the bigger ones, including particles with a diameter of <2 um (white arrow) and in the nanosized range (black
arrows). Scale bars: (A) 100 pm; (B) 10 um; (C and D) 2 pm
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FIGURE 2 Results of Raman spectroscopic analysis of wMP particles: (A) representative Raman spectra of wMPs identified as (a) PE (red line),
(b) PE containing phthalocyanine blue (blue line), (c) PP (green line), (d) particles containing TiO, (black line). (B) Chemical composition of the
analysed particles

fibre-like structures, with marked surface roughness and structural The characterization of the wMPs was performed also by Raman
defects at submicron scale. In addition, smaller and even nanometre spectroscopy, which allows the identification of the polymeric compo-
sized particles are recognizable on the surface of the larger wMPs sition and the compounds present in the wMPs particles. The spec-

(Figure 1D). troscopy results showed that most of the particles are fluorescent at
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the applied excitation wavelength and this property changes in a very
wide range (Figure S4). The analysis of 70 particles showed that about
72% of the particles is most probably PE, 5% is PE copolymer, 3% is
PP, 6% is inorganic material, like iron-oxide and TiO,, and 12% is uni-
dentified (in most cases because of the strong fluorescent signal). Fur-
wMPs

phthalocyanine blue, in accordance with previous observations by

thermore, some contain additives, like titania or

Simon and colleagues (Simon & Roéhrs, 2018) (Figures 2 and S5).
Finally, wMPs were also characterized for the content of endo-

toxin (lipopolysaccharide) trough LAL test. Data showed that the

amount of endotoxin in the wMPs samples was of 0.044 + 0.003 EU/

mg.
3.2 | Invitro effects of waste microplastics
3.2.1 | Cytotoxic and pro-inflammatory effects

A549 cells were exposed to increasing concentrations of wMPs
(<50 um) suspensions and cell viability was assessed after 24 and 48 h
by MTT test. After 24 h, there is no significant reduction of cell viabil-
ity, whereas at 48 h, there is a small reduction of cell viability, of the
12% and 25% respect to the control, at the concentrations of treat-
ment 10 and 100 pg/ml, respectively (Figure 3). Statistically significant
reduction of cell viability was observed only at the highest concentra-
tion tested. After 24 h of exposure to wMPs, the intracellular ROS
level was investigated to see if the cytotoxic effects observed at pro-
longed time (48 h) could be due to the increased production of oxygen
species. At the tested conditions, no increase of intracellular ROS
expression was observed (Figure S6).

The inflammatory response induced after exposure of A549 cells
to wMPs was assessed by the investigation of IL-8 and IL-6 release
after 24 and 48 h of exposure. IL-8 and IL-6 are cytokines involved in
inducing a pro-inflammatory status in response to inhaled particles,
and IL-8 is also involved in irritation. Data showed that high

150
3 0 pg/ml
. 3 0.1 pg/ml
X == 1 pg/ml
< 1004 — — pg/m
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FIGURE 3 Cell viability. A549 cells were exposed to increasing
doses (0, 0.1, 1, 10, and 100 pg/ml) of wMPs for 24 and 48 h. After
the exposure, cell viability was assessed by MTT test. Control cells
(unexposed) are considered 100% viable. Data represent the mean +
SE of three independent experiments (n = 3). *Statistically different
respect to the control, p < 0.05; one-way ANOVA -+ Bonferroni's post
hoc test

concentrations (100 pg/ml) of wMPs induced a significant increase in
IL-8 release after 48 h of exposure (Figure 4A). A significant increase
in the release of IL-6 at 48 h of exposure was also observed, although

the protein concentration was very low (Figure 4B).

3.2.2 | Genotoxic effects

In order to assess the genotoxic impact of wMPs on A549 cells, the
CBMN assay was performed. According to this test, after division,
cells appear binucleated (Figure 5A,C,D) due to the blocking of cytoki-
2007).
(MN) (Figure 5C) derive from chromosome fragments or chromo-

nesis  with  cytochalasin-B  (Fenech, Micronuclei
somes lagging behind at anaphase and are markers of chromosome
breakage or whole chromosome loss. We observed a significant
increase of micronucleus number after the exposure to wMPs respect
to the control cells in 1,000 binucleated cells for each sample
(Figure 5E). Furthermore, we analysed the presence of Nuclear Buds
(Bud) (Figure 5D), which derive from the nucleus associated to micro-
nuclei, or as extroflections of nucleoplasmic material (OECD, 2016).
Nuclear Buds are biomarkers of gene amplification and DNA repair
complexes (Thomas et al., 2003). Figure 5F shows that the number of
Bud in 1,000 binucleated cells increases, even if not significantly, after
the exposure to wMPs. Data obtained from the CBMN test were also

analysed calculating the ‘Cytokinesis Block Proliferation Index’ (CBPI)
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FIGURE 4 Inflammatory response. Release of IL-8 (A) and IL-6

cytokines (B) from A549 cells after 24 and 48 h of the exposure to
increasing doses (0, 0.1, 1, 10, and 100 pg/ml) of wMPs. Data
represent the mean + SE of three independent experiments (n = 3).
*Statistically different respect to the control; ***p < 0.001; *p < 0.05,
one-way ANOVA + Bonferroni's post hoc test
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FIGURE 5

Cytokinesis-block micronucleus (CBMN) assay in the A549 cells: genotoxicity evaluation after wMPs exposure. (A) Binucleated

cells; (B) polynucleated and mononucleated cells; (C) binucleated cells with micronuclei (MN); and (D) binucleated (BIN) cells with nuclear buds
(BUDs); (E) number of MN in 1,000 binucleated cells (MN/1000 BIN) in A549 cells after 48 h of exposure to 100 pg/ml of wMPs; (F) number of
Bud in 1,000 binucleated cells (Bud/1,000 BIN) in A549 cells evaluated after 48 h of exposure to 100 pug/ml of wMPs; (G) Cytokinesis Block
Proliferation Index (CBPI) calculated in A549 cells exposed to 100 pg/ml of wMPs for 48 h. Untreated cells were used as control (CTRL);
mytomicin C (0.7 pM) was used as a positive control (CTRL+). Mean * SE of three replicas (n = 3). *Statistically different respect to the CTRL;
*p < 0.05; **p < 0.005, according to unpaired Student t test. Scale bar = 100 pm

to evaluate the cellular proliferation progression, and therefore the
cytostatic effects, after exposure to wMPs 100 pg/ml for 48 h. The
CBPI obtained from the cells treated with the wMPs is not modified

respect to control (Figure 5G).

3.23 | Cell-wMPs bio-interactions

Actin staining on cells was performed in order to analyse the effect of
wMPs exposure on cellular morphology (Figure S7). A549 cells were
treated for 24 and 48 h with the highest concentration of wMPs
(100 pg/ml), then stained with rhodamine-phalloidin for actin detec-
tion and observed at fluorescence microscopy. Nuclei were stained
with DAPI. wMPs stained with Nile Red protocol were also used in
parallel to make the wMPs identification easier.

Treated cells, both at 24 and 48 h, showed an altered morphology
compared to the untreated cells, with disassembled cytoskeleton and
ruffled actin filaments. We observed micronuclei (MN) and nuclear
buds (NBDs) formation indicate cell stress and DNA damage after
WMPs exposure, as well as some cells that undergo to mitotic catas-
trophe (Figure S8), sustaining the results of Section 3.2.2. By fluores-
cent microscopy, it was possible to map micrometre-sized WMPs
(with or without Nile Red staining) in contact with cells (Figure S7e, f).
It is noteworthy that the amount of wMPs adhering or being internal-
ized in cells was very low in respect to the high concentration used.

Data of pRaman imaging and analysis showed that particles with
strong fluorescent signal were found in cells, inside the cytoplasm
(Figure 6) and, in some cases, near to the nucleus (Figures S9 and
$10), as confirmed by the z-stack analysis. The fluorescent signal of

these particles detected by the sensitive CCD camera of a Raman

spectrometer unfortunately hides the specific Raman features of the
polymers. In the absence of other intentionally added fluorescent
material, we can speculate that the fluorescent objects are wMP parti-
cles, even if we cannot consider this as a direct evidence for the pres-
ence of wMPs inside the cells.

TEM results (Figure 7) confirm the confocal and pRaman micro-
scopic mapping finding plastics inside cells. Plastics fragments of
around 1-2 um or less are observed inside cells more in the cytoplasm
environment, sometimes near the nucleus (Figure 7B,D,G) and in some
cases following the internal membrane structure (Figure 7C,D) in few
cases inside endosomes (Figure 7G). This observation could suggest a
direct mechanism of interaction and uptake such as a microplastics
attachment to the cell membrane and a sort of endo-phagocytosis,
not receptor mediated, or direct injection of sharp materials into cells.

4 | DISCUSSION

Although MPs are contaminants of emerging concern, there is little
information available about the toxicity of environmental airborne
MPs and their effects on the respiratory system. Particles deposition
on deep lung seems attributable only to inhaled particles with size
below 5 pm (Gasperi et al., 2018); however, micrometric MPs can be
found as substances in the organic fraction of atmospheric particulate
matter (PM) (Prata, 2018).

In this work, for the first time, the toxic effect of environmentally
relevant MPs mixtures deriving from waste (wWMPs) and below 50 um
in size was investigated in human pulmonary cells.

Fractions were separated based on defined sieve mesh size and,

due to the limitation in the separation of the smallest fraction of
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FIGURE 6

pRaman microscopic mapping of cells. (A) Optical image (60X water immersion objective, scale bar 20 um); (B) Raman spectra of

WMPs (up, red line) and false colour chemical image of cells (down, green cytoplasm and blue nuclei); (C) intensity map of the C-H stretching

vibration spectral region, Z stack of a 5 pm thick slice (scale bar 10 um)

wMPs, we decided to use the fraction of wWMPs < 50 um as represen-
tative of the environmental MPs that can interact at higher probability
with the respiratory system. On the other hand, testing wMPs of size
larger than 50 pm on cultured cells is not feasible, while the use of
heterogeneous sized particles, smaller than 50 pm, with a significant
fraction below 20 pm, might be relevant to more closely resemble a
realistic exposure to environmental MPs; indeed, it has been reported
that most of the MPs fragments in the atmospheric PM are below
300 pm in size, with a high percentage of MPs having a size below
25 pm and among 25 and 50 pm (Allen et al., 2019; Cai et al., 2017;
Dris et al., 2017).

In this work, size distribution analysis of the selected fraction indi-
cated that wMPs were effectively below 40-60 pm, with an average
size of 25 pm, even if a portion of these particles was below 10 and
5 pm. Furthermore, SEM images showed irregular particles in the
nanosized range on the surface of the wMPs that could detach from
MPs and interact with cells. The irregular size and shape of the wMPs
observed by SEM analyses was confirmed also by Nile-Red staining.
The lipophilic dye Nile red has been introduced in the analysis of MPs
by Andrady (Andrady, 2011b), and it has been adapted and modified
by other authors (Emi-Cassola et al., 2017; Maes et al., 2017;
Matthias & Hengstmann, 2017; Shim et al., 2016) providing an alter-
native identification method for MPs. However, Stanton et al. (2019)
showed that Nile Red does not reliably stain all plastic particles, due
the presence of plastic dyes that may affect their affinity with the
fluorescent probe, suggesting that additional analyses and detection
techniques are needed to better identify and characterize wMPs, as

well as any additional impurities present in the sample.

Information regarding the chemical identity of the particles and
the presence of additives and contaminants were obtained using
Raman Spectroscopy, which evidenced that the major contributor to
wMPs is polyethylene (PE). PE is the most broadly used type of plastic
and commonly employed as a manufacturing material for bottles,
pipes, house-ware, toys and other objects (Kalogerakis et al., 2017
PlasticEurope, 2015). Polypropylene (PP) was also found in plastic
waste MPs, confirming the relevance of this polymer as environmental
contaminant and MP exposure source. Polymers such as PP, PE and
PET are the main polymeric particulate materials present in the air-
borne environment, while most of the studies on the respiratory sys-
tem were focused on the health effects of polystyrene (PS) beads
(Dong et al., 2020; Xu et al., 2019; Yacobi et al., 2008). Thus, extrapo-
lations of findings from PS materials to other polymers should be
made with caution, and novel model studies should be introduced
including PP, PE, and PET microplastics (Lehner et al., 2019). Further-
more, in particles originating from waste plastic, other compounds
(as TiO, and phthalocyanine, as shown in this work by Raman analysis)
can be present as co-contaminants and thus, biological responses may
be in part attributed to chemical toxicity resulting from the presence
and release of other chemicals from the MPs in the cell culture
medium during the exposure (Andrady, 2011a; Rochman, 2015). In
addition, weathering and ageing processes may increase the MP reac-
tivity, as well as the uptake of contaminants on MPs through
increased surface area and polarity (Teuten et al, 2009; Wang
et al.,, 2020). Since the wMPs of this study are obtained from end-of-
life materials and have been exposed to grinding and UV radiation,

they could be considered as naturally aged polymers, which might
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FIGURE 7 TEM representative
images of cells exposed to wMPs

(100 pg/ml). (A) Control cell 24 h; (B-D)
cells after 24 h of exposure; (E) control
cell 48 h; (F-H) cells after 48 h of
exposure. N, nucleus; ERR, rough
endoplasmic reticulum; G, Golgi; E,
endosome; M, mitochondria; arrows
indicate microplastic fragments.

have been subjected to several physico-chemical modifications able
to increase their affinity for other, more dangerous compounds,
among them metal ions (Andrady, 2011a). The presence of metals in
WMPs samples was reported in our previous work, in which total
reflection X-ray fluorescence spectrometry (TXRF) and TEM-EDX ana-
lyses showed the presence of Pb, Ti, Si and Fe, homogeneously dis-
tributed inside plastic particles (<50 um) (Bonfanti et al., 2021).

The pathways suggested to be involved in MPs toxicity are oxida-
tive stress, inflammation, disruption of immune function, translocation
to circulatory system for the nanosized MPs (nanoplastics) (Hirt &
Body-Malapel, 2020; Yee et al., 2021) and so the ability to induce
DNA damage, posing the attention on MPs possible genotoxicity
(Poma et al., 2019). Our results showed that wMPs are nontoxic at
the lower concentrations, while a reduction of cell viability occurs

after exposure at high concentrations (100 pug/ml) and for prolonged
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time of exposure (48 h), as also evidenced by previous in vitro studies
on human cells (Dong et al., 2020; Poma et al., 2019). However, in our
tested conditions, no increase of intracellular ROS levels was
observed in treated cells after acute exposure to wMPs. A recent pub-
lication (Gautam et al., 2022) showed that PE MPs induce ROS in sev-
eral cells line, with the exception of A549 and other epithelial cells, in
accordance to our findings. Furthermore, recently, other authors (Jeon
et al., 2021) have reported that the weathering process, such as UV
radiation, increases the intrinsic ROS associated to MPs, but also the
binding of serum proteins to MPs, which can act as a ROS scavenger.
Thus, since our samples are waste MPs, we can assume that they have
encountered a weathering process and therefore hypothesize that
serum proteins in the cell culture medium (FBS 1%) acted as ROS
scavenger, resulting in lowering of intracellular ROS levels at the high-

est concentration of exposure.
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Noticeably, even if wMPs seem to be not hazardous at low con-
centrations, they could exacerbate toxic effects in conjunction with
other pollutants, such airborne particulate matter (PM) and ultrafine
particles (UFP) derived from diesel engines, combustion of biomass
for domestic heating or from power plants. MPs, as part of PM, can
indeed determine an increasing harmful effect of the PM itself, and
the evaluation of risks derived from exposures to particulate is cur-
rently performed largely on an individual source of particles or chemi-
cal hazard; however, risk assessment is evolving to evaluate more
closely the complexity deriving from the combined exposure to multi-
ple chemicals (Meek et al., 2011; Moretto et al., 2016).

The effects of MPs on the inflammatory response and immune
system are also of great interest, and previous works have demon-
strated that PS nanoparticles lead to inflammation in rats' lungs
(Brown et al., 2001) and pro-inflammatory gene expression in epithe-
lial cells (Xu et al., 2019), as well as to the release of IL-6 and IL-8 in
bronchial cells (Dong et al., 2020). Pro-inflammatory cytokines are
indeed pivotal mediators involved in the activation of the immune sys-
tems (Moldoveanu et al., 2009) and considerable evidence exists that
a local release of IL-6 and IL-8 in the lungs is related to the exacerba-
tion of lung chronic diseases, such as COPD (van der Eerden, 2019)
and asthma (MacNee, 2001). Our data show that IL-6 and IL-8 release
from A549 cells is increased after the exposure to high concentration
of wMPs (100 pg/ml) at 48 h.

It has to be taken into account that the release of inflammatory
mediators could be due to the persistence of microorganisms or bac-
terial components, such as lipopolysaccharides (LPS), on MPs surface,
acting as a vector for these organisms (Oberbeckmann et al., 2015).
Moreover, diverse communities of bacteria have been identified in air-
borne PM (Franzetti et al., 2010; Gualtieri et al., 2011), and the role of
endotoxins in leading the PM inflammatory responses has been well
reported (Camatini et al., 2012; Kocbach et al., 2008). Thus, the con-
tent of endotoxins in the wMPs samples was tested by Limulus ame-
bocyte lysate (LAL) test and was of 0.044 + 0.003 EU/mg, which can
be considered very low compared to other PM samples, such as sum-
mer PM10, in which the amount of endotoxin able to induce a signifi-
cant inflammatory response in lung cells was quite high (25 EU/mg)
(Longhin et al., 2013). This result suggests the involvement of other
components in the induction of inflammatory mediator release by
WMPs exposure, rather than the endotoxins contribution, and overall
our data further enlighten the importance to investigate the potential
inflammatory effect of inhaled MPs, since inflammation has been
indeed identified as a key molecular event (KE149) involved in the
putative adverse outcome pathways (AOPs) for MPs (Jeong &
Choi, 2020). Beside inflammatory responses, our data about cellular
and nuclear morphology pointed out that high concentration of wMPs
are able to induce some cellular morphological changes even at
shorter time of exposure, such as the formation of micronuclei and
nuclear buds, as well as evidence of mitotic catastrophe, which are
visible in cells treated for 24 h with MPs. The capability of wMPs to
induce DNA damage and genotoxic response was further investigated
at 48 h of exposure to high concentration of particles by performing

the in vitro mammalian cell micronucleus (MN) test following the

OECD guideline for the testing of chemicals (OECD, 2016). Data
showed increased levels of MNs and NBUDs in A549 cells, demon-
strating that the interaction between cells and MPs leads to cellular
DNA damage, in accordance with the work of Poma and colleagues, in
which PS nanoparticles (PNPs) induced genotoxicity with an increased
number of micronuclei in fibroblast cells (Poma et al., 2019).

Immunofluorescence microscopy images of cells exposed to
WMPs showed that cellular uptake occurs for the smallest subfrac-
tions (<5 pm); wMPs stained with Nile Red are mapped inside the
cytoplasm, near the nucleus. Although not properly defined as phago-
cytic cells, A549 cells are indeed able to activate endocytosis and
even phagocytosis processes, when exposed to particulate materials
(Dominici et al., 2013; Gualtieri et al., 2009; Singh et al., 2007). We
thus consider this cell line either for the representativeness as biologi-
cal target and the capability of MPs uptake. However, just to compare
the effects with an additional cell line, preliminary experiments were
performed to investigate the impact of wMPs in Balb/3 T3 fibroblasts.
Both cell viability, assessed by MTT, and cell morphology through
fluorescence microscopy were analysed (Figures S11 and S12). Data
show that there is reduction of Balb/3T3 cell viability after high con-
centrations (100 pg/ml) for prolonged time (48 h), though not signifi-
cant. Immunofluorescence images indeed showed that MPs did not
induce fibroblast morphological changes, neither fluorescent wMPs
are clearly detectable. This result suggests that fibroblast cells are less
sensitive to environmental wMPs compared to lung epithelial cells.

Further demonstration of wMPs cellular uptake by A549 cells
was evidenced by TEM and confocal pRaman spectroscopy imag-
ing: This last technique allows the identification of different sub-
cellular regions, as well as the cell-nanoparticle interactions (Byrne
et al, 2020; Chernenko et al., 2009; Dorney et al., 2012; Efeoglu
et al., 2016), and the analysis showed that particles with strong
fluorescent signal were found in cells, inside the cytoplasm and, in
some cases, near to the nucleus, enlightening that the smallest
fraction of wMPs (<5 um) can be internalized by lung cells, as pre-
viously shown in A549 cells (Xu et al, 2019) and in rat alveolar
epithelial cells (Yacobi et al., 2008) through confocal microscopy.
The interaction with the tested wMPs induced cytoskeleton remo-
delling, as evidenced by disassembled actin fibres, and these mor-
phological changes have been evidenced also in A549 cells
exposed to insoluble metal oxide nanoparticles, such as TiO,
(Bengalli et al., 2019). Moreover, the contact of MPs with the
plasma membrane could cause a mechanical stretching on the lipid
bilayer, leading to potential severe cell machinery dysfunction
(Fleury & Baulin, 2021): Hydrophobic nanoparticles are indeed
incorporated in the membrane lipid bilayer (Foroozandeh &
Aziz, 2018), and this interaction may cause an increase of Ca%*
influx inducing a signalling cascade that impacts on cytoskeleton
organization (Hussain et al., 2014).

Nevertheless, further investigations are needed to clarify the real
contribution of the polymeric component itself or of other contami-
nants, on wMPs cytotoxicity, similarly on the mechanism of action in
target cells. In particular, the role of oxidative stress in the wMPs

induced effects, as well as biomarkers that evoke specific mode of
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actions (MoA) and consequent AOPs related to MPs exposure, need
to be still elucidated.

Moreover, since several criticisms could arise during the testing
of MPs, due to the peculiar physico-chemical properties of the differ-
ent polymers, in the future, it will be crucial to validate and standard-
ize new methods and technologies for the collection, detection,
characterization, samples preparation, dispersion and toxicological
testing protocols for a correct evaluation of the toxicity of these
emerging environmental contaminants.

Therefore, the overall results indicate that lung cells are affected
by exposure to wMPs when administered at high dosages. Neverthe-
less, since few particles are visible on the cells and their size is about
1-2 pm, it is conceivable that the observed results could be due to
persistent pollutants present on the MPs surface or to the release of
additives, dyes or other compounds from particles (Campanale
et al.,, 2020), including soluble metals or insoluble particles fraction
(surface defects), that could be responsible of ROS formation and con-
sequent oxidative DNA damage (Schins & Knaapen, 2008).

5 | CONCLUSIONS

Considering the mounting evidences on the relevant MPs presence in
the aerosol, especially in indoor air, more stringent efforts to charac-
terize human exposure and inhalation toxicity of MPs are necessary,
also in the view of distilling their possible role in inducing lesions to
cells lining the respiratory system and in air pollution-associated respi-
ratory diseases.

In this context, the bio-interactions among cells and MPs, with
consequent mechanical stress at cell surface level, followed by intra-
cellular signal transduction culminating in inflammatory responses and
DNA damage, coupled with the ability of sub-micrometric particles to
be uptaken by cells, represent crucial steps to be investigated in the
MP-induced AOPs. Currently, airborne micrometric MPs, founded and
monitored in PM samples, have similar size to the ones tested in
this work.

In vitro toxicology is useful in clarifying the mechanisms and
modes of action of MPs in inducing pathologies; our study provides a
substantive contribution in this direction, focusing for the first time
on the effects induced in human lung cells by waste-derived MPs.
These MPs are composed by a polymer mixture (mainly PE and PP),
characterized by polymorphic and different in size, including fibre-
shaped ones, together with associated chemicals and other co-con-
taminants. Our results show that, similarly to other commercial or lab-
produced MPs, wMPs displayed a moderate acute toxicity in vitro,
with appreciable biological effects only after exposure to high concen-
trations and prolonged exposure time. Sub-toxic effects consisting in
cytoskeletal rearrangement and genotoxicity, likely due to the surface
interactions and particle uptake by cells, were also observed, ringing
the bell for possible chronic adverse outcomes in consequence of the
persistency of such insoluble MPs.

WMPs are quite big in size, compared to PM inhaled particles.

Since in the next years the methods of detection and quantification of

AppliedToxicology—W1 L Ey L2

fine (sub-micrometric) MPs will definitely improve, it will be crucial to
focus and improve the research about toxicological effects of refer-
ence standard environmental MPs.

These results point out the importance to monitor the real
amount of airborne MPs in the atmosphere, in indoor and outdoor
environments and to perform hazard assessment in parallel, in order

to better define the risk for MPs exposure.
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